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INTRODUCT ION

Capillary supercritical fluid chromatography (SFC) has been recognized as

the separation method of choice for compounds that are not easily amenable

to either gas or liquid chromatographic analysis (1-3). The former is

ultimately limited by the involatility of large compounds or thermal lability

at the high temperatures required in gas chromatography (GC). The latter

suffers from a lack of element-selective detection methods (4) due to solvent

interferences. A supercritical fluid mobile phase has been able to overcome

some of these limitations because it can operate optimally at significantly

lower temperatures than CC, its viscosity and solute diffusivities are between

liquid and gaseous phases, and its solvating power approaches that of a liquid

(5). In addition, the column effluent at atmospheric pressure is compatible

with many CC detectors which offer sensitive and selective detection. It is

for this reason that many detection schemes are being borrowed from CC and

adapted to SFC. Some examples of this include SFC/MS (6,7), SFC/FTIR (8),

SFC/FID (9-11), as well as thermionic (12), dual flame photometric (13), and

ion mobility (14).

Of the many varied detection methods for chromatography which have been

investigated, those based on atomic spectroscopy have become increasingly

attractive due to their inherent selectivity, freedom from interferences, and

multielement (etection cIpality (15) in particular, plasma detectors

posses several chiracteri;t ics wh ici make t tin eveu more appealing than

flamne-bared photometric sy:stems these include improved sensitivity, a wide

dynamic range, and fewer spectral interferences. Most importantly, with

respect to chromatographic analyses, the plasma detector will often tolerate

co-elition from a column because it is virtually element-specific (15).

'l' micr, wave- iniuccd piasmi (MIP) (16,1/) has been successfully employed
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as an element-specific detector for GC (15,18-20). The surface-wave-sustained

MIP (surfatron) is particularly attractive due to its stable, reproducibly

long, small-diameter plasma (21). In addition, it is relatively inexpensive,

easy to construct, and produces an annular plasma in helium (22) which is

believed to make it less likely to be extinguished by the high mass flow of

mobile phase. This type of plasma can operate under low pressure or

atmospheric conditions with argon or helium as the support gas, typically at

relatively low flow rates (<300 mL/min). The surfatron MIP operates

efficiently with low powers (<200 W) and the tuning adjustments are simple,
I

which enables it to be operated with zero reflected power under a variety of

experimental conditions (23). The detection limits found for GC/surfatron MI'

are competitive with other detectors but. can he further improved by decreasing

the diameter of the discharge tube and/or increasing the wiiciowave power

(23,24) . Based on these findings, it seems reasonable that this detector

could be coupled to SFC and thereby provide sensitive and selective detection.

in addition, the use of a carbon or hydrogen wavelength channel promises

universal detection as well.

This paper will discuss the coupling of chromatograph and detector with

an emphasis on the difficulties in designing this type of interface. The V

optnization of the system will be outlined as well. A separation of model

r,.ilfur-cottaining polyaromatic compounds will be demonstrated. Sulfur was

cho!.;,. because of its prevalence in systems of toxicological, environinental

'1id i iochteiical intere.st. Spectro!;(opic detet'ction was performed solely in the

near- infrared region of the spect uii beeaiise the sulfur atoim liines in tho

flear-lR were found to be much more in ,e.rse than the sulfur ion lines near 51. 4

1t1l ill the visible . Il aidition, the lites ili the tear-IR are free from ;ever.

spectral interferences from intense C 2 band emission in the visible (25).
S



EXPERIMENTAL

Instrumentation

A schematic diagram of the instrumentation employed in this study appears

in Figure 1. The components of the system are described below.

Chromatographic Equipment. The mobile phase chosen for these studies was

supercritical fluid gradeR carbon dioxide (Scott Specialty Cases;

Plumsteadville, PA). The gas was pre-filtered through a column filled with

silica and charcoal in an approximate 4:1 ratio prior to filling a Varian

Series 4100 syringe pump (Varian Aerograph; Walnut Creek, CA), which has been

modified for pressure ramping (26).

The fused-silica column used in these studies had an inner diameter of 50

pim and was 10 m long. Deactivation prior to coating was performed by

dynamically coating the column with a solution of 5% polymethylhydrosilaie (85

cs) (Petrarch Systems, Inc.; Bristol, PA) in pentane, then sealing the column

and heating it for five hours at 300 *C. The column was subsequently

statically coated with 0.2 pm of an SE-30 stationary phase and cross-linked

three times with azo-t-butane.

The column was heated via a circulating water bath (Haake Buchler

Instruments, Inc.; Saddle Brook, NJ) rather than with a conventional CC oven

because of the sensitivity of the detector to temperature-induced variations

in CO) flow. Each time the oven heating circuit switched on, a brief surge

occurred in the flow of C02 through the column, which in turn resulted in a

spike in the baseline. Substitution of the water bath alleviated this

problen. The temperature of the water bath was maintained at 90 °C for most

expeciments.

Injections were performed with an HPLC valve (Valco Instrument Co., Inc.;

3



Houston, TX) possessing a manually-actuated 60 nl injection rotor (Special

Order Model RCI4W.06/.2). The head of the column was seated as close as

possible to the injection rotor without touching it, in order to eliminate

band-broadening at the injection point. All injections were splitless, which

yielded high sensitivity when the injections were performed at low pressure

(<1300 psi). A pre-column filter with a 0.5 ym stainless-steel replaceable

frit (Upchurch Scientific, Inc.; Oak Harbor, WA) was connected to the sample-

inlet port of the injector in order to prevent particulates from being

injected with the sample. The entire injection apparatus was held just

outside the water bath, so all injections were made at room temperature.

The decompression required for detection at atmospheric pressure was

accomplished with the integral restrictor described by Guthrie and Schwartz

(27).

Interface. A schematic representation of the interface is shown in

Figure 2. The plasma was sustained inside a 0.6 cm o.d. x 0.4 cm i.d. fused-

silica tube (William A. Sales Ltd.; Wheeling, IL). The end of the column was

joined to the plasma-discharge tube with a standard Swagelok l/4 -in. to 1/16-

in. stainless steel reducing union in the following way: A section of fused-

silica tubing (320 pm i.d. x 2 cm long) was glued with household glue into a

VespelR/15% Graphite ferrule (Alltech Associates, Inc./Applied Science Labs;

Deerfield, IL) which was in turn glued into the 1/16-in. nut. This fused-

silica tubing then served as a sleeve which serves to support the SFC column

and center it within the discharge tube. A Teflon ferrule was used to seal

the discharge tube between the union and its 1/4-in. nut. An additional

qu , t:-: tube (3 m11 i.d. x 8 cm long;) was inserted into the discharge tube and

served as a nozzle to direct the SFC effluent into the microwave plasma. The

outer diameter of this tube was matched to the inner diameter of the discharge 0

/4
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tube to provide a tight fit, and Teflon tape was used to create a seal between

the two. The other end of the nozzle was drawn in a flame and tapered to an

approximate exit diameter of 150 pm. The restrictor was seated so it abutted S

the end of the quartz nozzle.

It is essential to heat the plasma gas (He) and focus the column effluent

into the plasma with the quartz nozzle. Otherwise, column efflent "freezes"

onto the tip of the restrictor because of the rapid decompression of the

mobile phase. This condensation causes poor baseline stability and detector

"spiking". Accordingly, the plasma gas was preheated by passing it through
S

several meters of resistively heated stainless-steel tubing that was

maintained at 300 *C.

The proximity of the restrictor to the plasma is important. The

restrictor was placed Just before the tip of the nozzle and centered

symmetrically so the column effluent was swept efficiently into the center of

the annular plasma. The tip of the nozzle was opt imally posit ioned

approximately 5 mm from the plasma to minimize detector dead volmei and

prevent the fusion of the restrictor by the plasma.

Microwave-Induced Plasma Detector. Microwave plasmas can be sustained in

a variety of cavity structures (17). The surfatron device used for these

studies was constructed of brass by our departmental machine shop and is

similar to the design of Abdallah et al. (28). Details concerning; the

construction, operation, and tuning of our device are available elsewhere

(22). A detailed description of the surfatron configuration for thiesc studie;

is available in a companion publication (29).

The plasma was viewed axially (end-on). Emission was neasirerd with in

optical system designed specifically for the near-infrared spectral region. A

gla!;.<; le'ns (21. 5-mm diam. , /1 -m111 I . .) iim.iI,,'d tiv 4 ' ,lft r of the pIl1si. .. t( Iont



the entrance slit of the monochromator (model EU-700, 0.35-m f.l.,

GCA/McPherson Instruments; Acton, MA) with a magnification of 1.25. The

grating was ruled at 600 grooves/mm and blazed at 1000 nm. The

photomultiplier tube (model 7102, Hamamatsu Corp.; Middlesex, NJ) was biased

at -1250 V with a high-voltage supply (model 1121A, EG & G Princeton Applied

Research; Princeton, NJ) and mounted in a thermoelectrically cooled housing

(models 7102/117 and TEI04RF-002, Products for Research, Inc.; Danvers, MA);

tap water was employed as the heat-exchange medium. The monochromator was

equipped with a Heath scan driver (model EU-700-51, Heath Co.; Benton Harbor,

MI). The slit width used for the chromatographic study was 100 pm, which

resulted in a spectral bandpass of 0.4 nm. The output current of the PMT was

measured with a picoammeter (model 414S, Keithley Instruments, Inc.;

Cleveland, OH), and received by a strip-chart recorder (model SR-204, Heath

Co.). A 4-pole filter (locally constructed) was inserted between the

picoammeter and recorder in order to remove high-frequency roise when

chromatograms were recorded. The cut-off frequency was set at either 2 or 5

liz, depending on the severity of the noise.

The plasma was sustained in high-purity grade helium (Air Products,

Tamaqua, PA). Thiophene (Eastman Kodak, Co.; Rochester, NY), thianaphthene

(Aldrich Chemical Company, Inc.; Milwaukee, WI), dibenzothiophene (Aldrich

Chemical Company, Inc.) and 1,2-benzodiphenylene sulfide (Aldrich Chemical

Company, Inc.) were chosen as model compounds. These compounds were diluted

with dichloromethane (Mallinckrodt, Inc., Paris, KY).

Procedures

With the surfat on tuning adjustments set near their optimal positions

(22), the plasma was initiated by touching the inside of the discharge tube

with a length of tungsten wire. However, this method reduces the lifetime of

6
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the discharge tube because deposits of W02 accumulate on the inside of the

tube. Alternatively, the plasma can be ignited with a short burst from a

Tesla coil with the tuning adjustments set in such a way that the reflected

power is maximal. Immediately after ignition, the tuning adjustments are set

to zero reflected power. Once the plasma has stabilized, the CO2 mobile phase

can be introduced without fear of extinguishing the plasma. Unfortunately,

the CO2 accelerates devitrification of the discharge tube, as evidenced by a

milky-white film that formed on the inner surface of the discharge tube where

the plasma is sustained. Typically, the discharge tube lasts for one week at

an applied microwave power of 125 W.

7P
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RESULTS AND DISCUSSION

Optimal Plasma Conditions For Sulfur Determinations

Discharge-Tube Length and Position. Although the absolute length of

the discharge tube was 10.5 cm, the crucial factor was the length of quartz

tube that extended from the end of the surfatron body. A protruding length of

5 mm or less resulted in a bluish plasma while carbon dioxide was being

introduced. A length of tubing greater than 5 mm past the brass face plate

resulted in a bright green plasma, even though all other conditions remained

the same. Moreover, under identical chromatographic and spectroscopic

conditions, a five-fold increase in signal-to-noise ratio arose when the

analyte was excited in a green plasma rather than a blue plasma. Hence, for

all studies described below, the discharge tube protruded at least 10 mm

beyond the brass face plate.

A possible explanation for this phenomenon involves the amount of air

that is entrained into the plasma. Hubert and co-workers (23) have

ascertained that the entrainment of air, evidenced by an increase in the band

emission of N2, is a function of the length of quartz tube that extends past

the face plate of their surfatron. Similarly, Koirtyohann (30) noted that the

sensitivity of chlorine, and especially fluorine, is strongly decreased if the

N2 concentration in the plasma is greater than about 2%, probably because the

excitation temperature of the plasma is lowered. Work is currently underway

in our laboratory to identify the bands which are responsible for the severe

color change of the plasma that occurs when the discharge-tube position is

altered in the manner described above.

Applied Microwave Power. The effect of applied microwave power on

sulfur emission intensity was studied under chromatographic conditions by

8



injecting thiophene (see Figure 3a). It can be seen that peak height is

relatively constant and optimal between 115 and 135 W. Moreover, baseline

noise worsened and discharge-tube devitrification was accelerated at powers •

greater than 135 W, regardless of the tuning adjustments. A similar study was

performed using the solvent (dichloromethane) by monitoring Cl emission at

912.1 run. Once again, the baseline noise was low and relatively constant; the 0

plot of relative signal versus applied power is shown in Figure 3b. As with .

sulfur emission, the Cl signal is maximal and relatively constant between 120

and 140 W. Based on these findings, an applied power of 120 W was chosen and

used in all subsequent chromatographic optimizations. %

Hfelium Flow Rate. The effect of helium flow rate on sulfur emission

intensity was investigated under chromatographic conditions. Tie peak-heigt 0

response of thiophene, shown in Figure 4a, reveals a relatively const ant ; d

maximal signal for flow rates from 120 to 260 mL/min. A similar trend was

observed for signal-to-background noise ratio since the baseline noiso was •

relatively constant with flow rate. As before, these results were ,,erified

with the Cl line (Figure 4b) and indicate a relatively constant signal between

120 and 270 mL/min. S

A He flow rate of 250 mL/min was chosen for all subsequent measurements

because of a related study on the effect of helium flow rate on the appearance r

of the plasma in the presence of the CO2 mobi 1e phase. When the flow rat<e of

helium is low (<250 mI./min), the plasma assumes a pink-purple color and the

annul us is difficult to distinguish because of the diffuse nature of tHe

plasma. In contrast, when the flow rae is high (> 250 mL/min), the pla;ma i:;

bright green and the annulus is clearly in evidence. A possible explanation

for this difference in appearance is that CO2 is not efficiently swept into

the plasma at low flow rates of helium. Moreover, because of its high densitv

9



as a supercritical fluid, the CO2 does not diffuse rapidly into the annular

region of the plasma, so neither the CO2 , nor the analyte it carries, can be

atomized or excited efficiently. This explanation accounts for the pinkish

color of the plasma characteristic of a helium-only plasma. On the other

hand, when the helium flow rate is sufficient to sweep CO2 into the plasma,

the bright-green color indicative of C2 band emission at 512.9 nm results

(29). A possible disadvantage associated with the choice of a higher flow

rate is the decreased residence time of analyte in the plasma. In view of the

already high mass flow rate of CO 2 (40 juL/min or 130 pg/sec), this

consideration can be neglected.

The surfatron plasma is capable of tolerating much higher mobile phase

flow rates than other MIP systems before signal stability seriously

deteriorates. The plasma was able to sustain itself with added gas flow rates

ap1proaching 18 mL/min (15% of the support gas (v/v)) (29). Because the

typical flow rates from a packed column are significantly larger than from a

capillary column, the integrity of the plasma may not be maintained; however,

the robustness of the surfatron detector allows the possibility of an

interface to a packed column SFC system.

Determination of Sulfur-Containing Compounds

Model Compound Separation. A mixture of four polyaromatic sulfur-

containing compounds was prepared and injected; the resulting separation is 4

shown in Figure 5. It should be noted that this separation was performed

without using the optimal parameters described above. Although these

particular molecules are somewhat small to be considered good candidates for

SV. tle mixture serves as a good indication of the sensitivity and

selectivity of the plasma detector. The negative deflection immediately prior

to peak #1 (thiophene) in Figure 5 corresponds to the solvent elution. The

10
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same mixture was run under similar chromatographic conditions with FID

detection and the thiophene could not be separated from the solvent peak,

indicating the importance of the selectivity offered by the microwave-plasma

detector.

A very prominent feature of this chromatogram is the decreasing

background that occurs during a pressure ramp. The increased mass flow rate

of CO2 that accompanies higher column pressures is believed to quench the

plasma, and to perturb it sufficiently to cause a feedback of reflected power

into the generator. The slope of the baseline was found to parallel the rate

at which the reflected power rises; it appears that this progressive detuning

of the plasma results in a steady decrease in the amount of forward power that

is effectively coupled into the plasma. Consequently, it is not surprising

that later eluting peaks in a pressure-programmed run would be less interse

than peaks that elute before a significant amount of detuning has occurred

(Figure 5).

Detection Limits. The detection limits for the first three compounds of

the four-component mixture were determined under the optimal conditions of

operation and are listed in Table I. The somewhat poorer detection limits tor

the higher molecular-weight compounds appears to be due principally to

quenching of the plasnia by the carbon dioxide mobile phase at the high

pressures required to elute these comonuonds. This hypothesis is supported by

gas-phase studies performned concurct.t lY in our .iboratory which show that

large amounts of carbon dioxide decrease the signal-to-background ratio for

emission from other species (29).

I.iw arity aiid I' ,cision. 'lh I i ,lua i V of ,ielissios l from IIIe sil 1.1t roll

MIP has previously been reported to be three decades (23). Our studios have

Iwo



revealed linearity over aL least two orders of magnitude for a series of

injections ranging from 0.6 ng to 60 ng of thiophene, with a roll-off noted

for an injection of 300 ng. The slope of the log-log plot of the first five

concentrations is 1.01 with an intercept of 0.575 and a correlation

coefficient of 0.999. The relative standard deviation of the peak heights for

thiophene was based on four replicate injections of 50 ppm, 100 ppm, and 500

ppm solutions. The values ranged from I to 5%.

12



CONCLUSIONS

Alt1'ough the findings presented here must be considered preliminary, the

attractiveness of the microwave-induced plasma as a detection method for

capillary SFC is clearly apparent. Sensitivity and selectivity for sulfur-

containing compounds supersede those obtained with the flame photometric

detector (FPD) (13). In effect, the surfatron detector is superior to the FPD

since the latter suffers from a non-linear sulfur response (31) and the former

is capable of detecting many other elements in addition to sulfur. Attractive

opportunities for capillary SFC with this type of detection exist in the area

of halogenated non-volatile organic compounds where no other existing

separation and measurement methods are effective.

Further improvements in detection limits are expected by reducing the

background signal through the use of alternative mobile phases. Nitrous oxide

is a readily available and commonly used mobile phase in SFC which offers

universal detection possibilities analogous to the FID. The attractiveness of

this compound has been demonstrated by gas-phase doping of a lie plasma which

revealed fewer spectral interferences in the near-IR than did CO2 with respect

to many of the non-metals in which we are interested (29).

Another means nf increasing spfnsitivity may be realized by utilizing more

efficient signal-processing. One possibility lies in the use of background

correction through wavelength modulation. Refractor-plate-modulation is

especially useful when the atomic line of interest is superimposed on a band

such as CN, which is the specific case for the principal sulfur lines in the

near-IR, and may be in part related to the problem of the sloping background

observed during a pressure gradient. This area is currently being

invk,:;( iglated in our laboratory.
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Table 1. Detection limtits for sulfur at 95% confidence level (SIN - 2)

COMPOUND FORMULA WEIGHT tg/mol DETECTION LIMITS (pg/sec)

Thiophene 84 25 u

Thianaphthene 134 70

Dibenzothiophene 184 150

0

0



FIGURE CAPTIONS

Figure 1. Schematic diagram of the supercritical fluid chromatograph,
interface, and microwave-induced plasma detector.

Figure 2. Schematic diagram of the SFC/MIP interface.

Figure 3. (a) The effect of microwave power on sulfur emission
intensity at 921.3 nm (injections of thiophene).
Helium flow rate, 250 ml/min. Slit width, 100 pm.

(b) The effect of microwave power on chlorine emission
intensity at 912.1 nm (injections of solvent).
Helium flow rate, 150 mL/min. Slit width, 100 pm.

Figure 4. (a) The effect of helium flow rate on sulfur emission
intensity from replicate injections of thiophene.
Microwave power, 120 W. Slit width, 100 pm.

(b) The effect of helium flow rate on, chlorine emission
intensity from replicate injections of solvent.
Microwave power, 125 W. Slit width, 100 Mm.

Figure 5. Separation of model mixture.
Microwave power, 110 W. Helium flow rate, 120 mL/min.
Column temperature, 70 *C. Approximately 60 ng of each
component was introduced by a single injection.
1 - thiophene; 2 = thianaphthene; 3 = dibenzothiophene;
4 = 1,2-diphenylene sulfide.
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